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This study investigates natural convective heat transfer of copper–water nanofluids in a
square enclosure with alternating temperature at one vertical wall, relatively low tem-
perature at the opposite sidewall and adiabatic at the other walls. The transport equations
are solved numerically with finite volume approach using SIMPLEC algorithm. Calcula-
tions are performed for nanoparticle volume fractions from 0 to 0.2 and dimensionless
amplitude from 0 to 1.0 with consideration of three typical alternating waves (trapezoid
wave, sine wave and triangle wave). Results show the utilization of nanoparticles en-
hances heat transfer and the percentage increase in the time-averaged Nusselt number is
around 38% d from ϕ¼0 to ϕ¼0.2 under the certain conditions. The oscillating waveform
has a degree effect on the heat transfer enhancement and the trapezoid wave is more
conducive to the enhancement of heat transfer than sine and triangle waves. And the
oscillating area is introduced to combine the oscillating waveform and its amplitude and
the percentage increase in the time-averaged Nusselt number is around 14.5% from S¼0
to S¼0.075. In the end, the regression equation about the time-averaged Nusselt number
is obtained as parameters of the solid volume fraction and the oscillating area.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Analysis of natural convection heat transfer and fluid flow in enclosures has been extensively made using numerical
techniques and experiments because of its wide applications and interest in engineering such as nuclear reactor system,
cooling of electronic devices, double pane windows, solar collectors, micro-electromechanical systems (MEMS) and various
other thermal systems, etc. Further applications are listed by Bejan and Kraus [1] and Khalifa Bdul-Jabbar [2].
However, low thermal conductivity of common fluids such as water and oil is very difficult to satisfy the performance
and the compactness of such systems, and their low thermal properties are a primary limitation of high-efficiency heat
transfer equipment. To overcome this drawback, an innovative way to enhance heat transfer is by using nanoparticles in the
base fluid [3]. The resulting mixture of the base fluid and nanoparticles, referred to as nanofluids, has a substantially larger
thermal conductivity than that of traditional fluids. Some studies on nanofluids include thermal conductivity, forceder Ltd. This is an open access article under the CC BY-NC-ND license
.
Nomenclature
A Dimensionless temperature oscillation
amplitude
a Temperature oscillation amplitude [K]
Cp Specific heat at constant pressure [J/(kg K)]
f Temperature oscillation frequency [s1]
F Dimensionless temperature oscillation
frequency
g Gravitational acceleration [m/s2]
k Thermal conductivity [W/(m K)]
L Side length of cavity [m]
Nu Average Nusselt number
Nuavg Time-averaged Nusselt number
p Pressure [Pa]
P Dimensionless pressure
Pr Prandtl number
Ra Rayleigh number
t Time [s]
tp Temperature oscillation period [s]
T Temperature [K]
u, v Velocity components in x, y directions [m/s]
U, V Dimensionless velocity components
x, y Cartesian coordinates [m]
X, Y Dimensionless coordinates
Greek symbols
α Thermal diffusivity [m2/s]
β Volumetric coefficient of expansion [1/K]
η Ratio of the nanolayer thickness to the original
particle radius
ϕ Solid volume fraction
μ Dynamic viscosity [N s/m2]
ν Kinematic viscosity [m2/s]
θ Dimensionless temperature
ρ Density [kg/m3]
τ Dimensionless time
τp Dimensionless period of temperature
oscillation
ψ Dimensionless stream function
Superscript
avg Time-averaged value
C Cold wall
f Fluid
H Hot wall
nf Nanofluid
s Solid
X. Han et al. / Case Studies in Thermal Engineering 6 (2015) 93–10394convection heat transfer, boiling heat transfer, and natural convection heat transfer. For the natural convection of nanofluids,
Khanafer et al. [4] investigated the heat transfer enhancement in a two-dimensional enclosure utilizing nanofluids for
various pertinent parameters. They tested different models for nanofluids density, viscosity, and thermal expansion coef-
ficients. It was found that the suspended nanoparticles substantially increase the heat transfer rate any given Grashof
number. Hwang et al. [5] investigated the buoyancy-driven heat transfer of water-based Al2O3 nanofluids in a rectangular
cavity. They showed that the ratio of heat transfer coefficient of nanofluids to that of base fluid is decreased as the size of
nanoparticles increases, or the average temperature of nanofluids is decreased. In addition, Saleh et al. [6] and Yu et al. [7]
studied the natural convection of nanofluids in trapezoid and triangle cavity. Putra et al. [8] also conducted an experimental
study of natural convective heat transfer in a cylindrical enclosure filled with Cu–water and Al2O3–water nanofluids.
However, they found the definite coalescence and deterioration of nanoparticles in the natural convection for the highFig. 1. A schematic diagram of the physical model and time-dependent periodic oscillating boundary waves at the vertical sidewalls.
X. Han et al. / Case Studies in Thermal Engineering 6 (2015) 93–103 95Rayleigh numbers. Maybe this unsteady phenomenon is the main reason of considerable decrease of the heat transfer
strength in their experiments.
At present, most of the published papers are concerned with the analysis of steady natural convection heat transfer of
nanofluids in the enclosure, whereas, unsteady natural convection has the wide application background and research
significance. Unsteady natural convection with time-dependent thermal conditions is more frequently encountered in
bioengineering, chemical engineering, solar energy field etc. For example, the electrical components are frequently en-
ergized intermittently and generate heat in an unsteady manner. The heat transfer process and influencing factors of un-
steady natural convection are more complex than those of steady natural convection [9–12], and studies are very scarce on
natural convection in the nanofluids-filled enclosure with time-dependent boundary conditions [13], that is why further
research is needed.
To the best knowledge of the authors, Ghasemi and Aminossadati [14] were the first to investigate the periodic natural
convection in a nanofluids-filled enclosure with oscillating heat flux, and found the enhancement performance of nanofluids
heat transfer especially at low Rayleigh numbers. But how does the periodic alternating temperature influence on the
performance of natural convection of nanofluids? In this paper, we will investigate the effect of temperature alternation
amplitude and alternation forms on the flow and heat transfer of nanofluids with the different volume fraction of nano-
fluids. Calculations are performed for nanoparticle volume fractions from 0 to 0.2 and dimensionless amplitude from 0 to
1.0 with consideration of three typical alternating waves (trapezoid wave, sine wave and triangle wave)2. Problem description
As shown in Fig. 1(a), a two-dimensional square cavity of side length L filled with nanofluid is considered, where the
temperature of left vertical sidewall is periodically oscillated with a constant average temperature TH,avg, the right sidewall is
cooled at a relatively low constant temperature TC (TH,avgZTC), and the other horizontal walls are kept adiabatic. In the left
vertical sidewall, three kinds of periodic oscillating waves, which are easily caused by an electronic component having a
pulsating input voltage [14], are considered and shown in Fig. 1(b). As shown in this figure, a and 1/f are wave amplitude and
period, respectively. Fig. 1(b1) shows the schematic diagram of the trapezoid wave. In the period, the sidewall temperature
firstly increases from the average value to the maximum value lineally in the time of 0–1/(8f), secondly keeps the maximum
value in the time of 1/(8f)–3/(8f), thirdly decreases to the minimum value lineally in the time of 3/(8f)–5/(8f), fourthly keeps
the minimum value in the time of 5/(8f)–7/(8f) and finally increases the average value in the time of 7/(8f)–1/f. Fig. 1(b2)
shows the schematic diagram of sine wave. The sidewall temperature waves according to the equation of
T¼TH,avgþasin(2πft). And Fig. 1(b3) shows the schematic diagram of the triangle wave. In the period, the sidewall tem-
perature firstly increases from the average value to the maximum value lineally in the time of 0–1/(4f), then decreases to the
minimum value lineally in the time of 1/(4f)–3/(4f), and finally increase the average value in the time of 3/(4f)–1/f. In
addition, to show the flow states of nanofluid clearly in the below study, four special time points are chosen and marked on
the temperature curve with Δτ ¼1/(4f).
The fluid in the enclosure is water-base nanofluid (Pr¼6.2) containing copper nanoparticles. The nanofluid are assumed
to be Newtonian fluid and incompressible, and the flow is laminar. It is assumed that the base fluid and the nanoparticles
are in thermal equilibrium and no slip occurs between them. The thermophysical properties of the base fluid (pure water)
and solid phase (copper) are given in Table 1. Constant thermophysical properties are considered for the nanofluid except
for the density variation in the Buoyancy-driven forces determined by using the Boussinesq approximation.3. Mathematical modeling
The equations that govern the conservation of mass, momentum and energy can be written for the laminar and unsteady
state natural convection in a non-dimensional form as shown in Eq. (1).
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Thermophysical properties of pure water and copper nanoparticles [15].
Physical properties Pure water Copper
ρ [kg/m3] 997.1 8933
CP [J/(kg K)] 4179 385
k [W/(m K)] 0.613 401
α107 [m2/s] 1.47 1165.97
β106 [1/K] 210 1.67
Table 2
A summary of the governing non-dimensional equations.
Equations φ Γφ Sφ
Continuity 1 0 0
X-momentum U μnf/(ρnfαf) (∂P/∂X)
Y-momentum Y μnf/(ρnfαf) (∂P/∂X)þ((ρβ)nf/(ρfβf))RaPrθ
Energy θ αnf/αf 0
Table 3
Applied models for the formulation of the nanofluid properties.
Nanofluid properties Applied model
Density ρnf¼(1ϕ)ρfþϕρs
Thermal diffusivity αnf¼knf/(ρcp)nf
Heat capacitance (ρcp)nf¼(1ϕ)(ρcp)fþϕ(ρcp)s
Thermal expansion coefficient (ρβ)nf¼(1ϕ)(ρβ)fþϕ(ρβ)s
Dynamic viscosity [16] μnf¼μf/(1ϕ)2.5
Thermal conductivity [17] knf¼kf[ksþ2kf2(1þη)(kfks)ϕ]/[ksþ2kfþ2(1þη)3(kfks)ϕ] (η¼0.1)
X. Han et al. / Case Studies in Thermal Engineering 6 (2015) 93–10396where, φ stands for the dependent non-dimensional parameters U, V and θ. Γ and S are the corresponding diffusion and
source terms, respectively, as summarized in Table 2. The properties of nanofluid are determined based on the models
presented in Table 3. The non-dimensional variables presented in Eq. (2) are introduced in the present analysis.
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The non-dimensional initial conditions and boundary conditions are as follows:
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where, F¼1/τp¼L2f/αf is the dimensionless frequency of temperature alternation. A¼a/(TH,avgTC) is the dimensionless
amplitude of temperature alternation.
The average Nusselt number along the periodic oscillating temperature wall (X¼0) and constant temperature wall (X¼1)
can be defined as:
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To research the flow rules of nanofluid in the enclosure, the non-dimensional stream function (ψ) is introduced and
defined as:
Table 4
Code validation for natural convection against Kazmierzak and Chinoda at Ra¼1.5105.
A τP Nuavg Error (%)
Kazmierzak and Chinoda [11] Present
0.2 0.01 5.35 5.27 1.519
0.4 0.01 5.41 5.31 1.883
0.8 0.01 5.58 5.48 1.824
0.4 0.02 5.43 5.39 0.742
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In the enclosure, the stream function of optional position can be defined as:
X Y U dY X Y, ,
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According to boundary layer theory, the stream function in the wall boundaries is 0 and described as follow:
X X Y Y, 0 , 1 0, 1, 0 10ψ ψ ψ ψ( ) = ( ) = ( ) = ( ) = ( )4. Numerical approach
The dimensionless governing Eq. (1) are solved with the finite volume formulation using Semi-Implicit Method for
Pressure Linked Equations Consistent (SIMPLEC) algorithmwith the corresponding boundary conditions given in Eq. (3). The
convective terms are discredited by using the quadratic upwind interpolation of convection kinematics (QUICK) scheme,
while a second-order central difference scheme is used for the diffusion terms. The corresponding algebraic equations are
solved by the tri-diagonal matrix algorithm (TDMA). The convergence of computations is declared at each time instant when
the following criterion is satisfied:
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where, n is internal iteration number.5. Code validation
The independency study on time step and grid independency is carried out. And an optimal time step of τp/200 and a
grid size of 6060 are adopted for all the subsequent simulations. In order to validate the numerical code, we firstly solve
the problem of natural convection in a square enclosure with the sine oscillating temperature boundary as studied by
Kazmierzak and Chinoda [11]. As shown in Table 4, the present time-averaged Nusselt numbers are in the good agreement
with those reported by Kazmierzak and Chinoda [11].
In addition, the present code is further validated against the study of natural convection of nanofluids conducted by
Kahveci [18] at Ra¼106. It can be seen from Table 5 that the present results compare very well with those obtained by
Kahveci [18]. These comprehensive verification efforts demonstrate the robustness and accuracy of the present numerical
method.Table 5
Code validation for natural convection of copper–water nanofluid against Kahveci [18].
ϕ Nuavg Error (%)
Kahveci [18] Present
0.05 10.237 10.554 3.004
0.10 11.227 11.587 3.107
0.15 12.201 12.454 2.031
0.20 13.163 13.398 1.754
Fig. 2. Transient responses of NuH, NuC, ψmax and ψmin for different ϕ under (a) trapezoid wave, (b) sine wave and (c) triangle wave (Ra¼106, A¼0.8).
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This paper aims at the effects of solid volume fraction and dimensionless amplitude on the convection heat transfer.
Therefore, the Prandtl number, the Rayleigh number, dimensionless period and η are kept constant: Pr¼6.2, Ra¼106, τp¼0.1
and η¼0.1. To obtain a standing oscillating solution independent of initial state, at least 5–10 oscillating periods are needed
to be calculated. Based on the above given conditions, numerical results are obtained for ϕ¼0, 0.05, 0.1, 0.15 and 0.2, and
A¼0–1.0 under four typical kinds of periodic oscillating boundary temperature waves.
6.1. Influence of solid volume fraction under the different oscillating boundary waves
After 10 alternating periods, we can obtain the alternating solution independent of initial state, so, the eleventh period
(τ¼1.0–1.1)is the main research object. Fig. 2 shows transient responses of the average Nusselt number with time at theTable 6
Nuavg with ϕ under the different alternating boundary waves (Ra¼106, A¼0.8).
ϕ Nuavg
Trapezoid wave Sine wave Triangle wave
0.00 3.01 2.79 1.81
0.05 5.39 5.15 4.28
0.10 7.89 7.43 6.56
0.15 10.19 9.77 8.86
0.20 12.61 12.05 11.14
Fig. 3. Transient responses of NuH and NuC for different A under (a) trapezoid wave, (b) sine wave and (c) triangle wave (Ra¼106, ϕ¼0.2).
X. Han et al. / Case Studies in Thermal Engineering 6 (2015) 93–103 99oscillating temperature wall, NuH, the constant temperature wall, NuC, the maximum, ψmax, and minimum, ψmin, of stream
function for different values of ϕ under the different periodic oscillating boundary temperature waves. It is clearly seen that
the transient response curves of NuH are similar to original oscillating boundary temperature waves, while the transient
response curves of NuC are completely different from original boundary temperature waves and are exactly similar to sine
wave. It shows that NuH is directly affected by oscillating waves, while NuC is indirectly affected by oscillating waves. In
addition, the maximum values of NuH are always earlier than those of NuC owing to time-consuming of buoyancy-driven
convection nanofluid and there are negative values in the curves of NuH, which shows heat transfers out of the oscillating
temperature wall. Moreover, the maximum amplitudes for both NuH and NuC curves increase and the minimum amplitudes
are basically kept at constant values with the increase of ϕ. It indicates that the time-averaged Nusselt number increases
with the increase of solid volume fraction.
In addition, in the figure, negative values of ψ that natural convection of nanofluid is clockwise, which agrees with main
direction of natural convection, while positive values of ψ indicate that natural convection of nanofluid is anticlockwise. And
the anticlockwise natural convection will hinder heat transfer from the oscillating temperature wall to the constant tem-
perature wall owing to that it is contrary to main direction of natural convection. Therefore, the absolute value of ψmin can
stand for the circulation strength of nanofluid, while ψmax can stand for the circulation strength of the anticlockwise natural
convection. It can be seen clearly that during the first half period, ψmax always keeps zone while absolute values of ψmin
firstly increase and then decrease gradually. It shows there is only clockwise circulation of nanofluid at this time. During the
second half period, ψmax first increase, then decrease and finally keep zone, while absolute values of ψmin decrease gradually
and increase quickly from the just time of ψmax¼0. If curves of ψmax are carefully observed, the earliest formation and the
largest value of the maximum of ψmax is the trapezoid wave, the second is triangle wave and the last is triangle wave. In
addition, comparing with three different oscillating boundary waves, the transient response curves of ψmax are similar to
original oscillating boundary temperature waves, while transient response curves of ψmin are completely different from
original boundary temperature waves. It indicates the formation of anticlockwise natural convection is determined by
Fig. 4. Sequential plots of streamlines for Cu–water nanofluid (solid lines) and pure water (dashed lines) for sine wave at (a) A¼0.2, (b) A¼0.6 and (c)
A¼1.0.
X. Han et al. / Case Studies in Thermal Engineering 6 (2015) 93–103100oscillating waves. In addition, with the increasing of ϕ, the ψmax has not obvious difference and the absolute values of ψmin
increase, which indicates that the strength of circulation increases with the increase of solid volume fraction, although the
viscosity of nanofluid is higher than that of pure water.
Table 6 shows the time-averaged Nusselt number, Nuavg, with ϕwaves at A¼0.8. To the problem of our study, the value of
NuH,avg is the same as that of NuC,avg after eliminating the influence of initial state, so Nuavg is used to stand for NuH,avg and
NuC,avg. It can be seen that Nuavg increases with ϕ. From the comparison of different oscillating boundary waves, Nuavg of
trapezoid wave is the top, that of sine wave is second and that of triangle wave is below, which indicates oscillating wave has
an a degree effect on the heat transfer enhancement.
6.2. Influence of dimensionless amplitude
Fig. 3 shows transient responses of NuH, NuC, ψmax and ψmin for dimensionless temperature alternation amplitude of A
under the different periodic oscillating boundary temperature waves. For three oscillating waves, all variation ranges of NuH
and NuC enlarge with the increasing of A, but increasing fluctuation is obvious larger than decreasing fluctuation. So the
time-averaged Nusselt number increases with the increasing of A. Moreover, there is negative value in the NuH of the
Table 7
The oscillating area for the different oscillating waves and solid volume fraction.
Oscillating
waveform
Oscillating area
A¼0 A¼0.2 A¼0.4 A¼0.6 A¼0.8 A¼1.0
Trapezoid wave 0 0.0150 0.0300 0.0450 0.0600 0.0750
Sine wave 0 0.0127 0.0255 0.0382 0.0509 0.0637
Triangle wave 0 0.0100 0.0200 0.0300 0.0400 0.0500
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more than 0.6. And under the same of A, NuH and NuC of the trapezoid wave have lager amplitude than those of sine and
trapezoid waves, which indicates that the trapezoid wave has greater influence on the heat transfer of nanofluid than sine
and trapezoid waves. Moreover, The maximum of the absolute value of ψmin increases and the minimum of the absolute
value of ψmin decreases with the increase of A for three oscillating waves. Meanwhile, the existential time of ψmax increased
slightly and its amplitude has obvious increase with the increase of A. In addition, when A is equal to 0.4, the ψmax of only
trapezoid wave is more than zone and its anticlockwise natural convection can be formed.
Fig. 4 shows the time-dependent streamlines over the duration of the eleventh period (τ¼1.0–1.1) for copper–water
nanofluid and pure water with different A for (1) trapezoid wave, (2) sine wave and (3) triangle wave at ϕ¼0 and 0.1. It can
be seen clearly that the flow in the main cell is time-dependent, and the location of the minimum stream function is near
the oscillating temperature wall during the first half period, while it is near the constant temperature wall during the second
half period. At τ¼1.075, there is only one circulation for A¼0.2, there is two circulations for A¼0.6 and the main clockwise
circulation is more powerful than the second anticlockwise circulation, and there is also two circulations for A¼1.0 and the
strength of two circulations is very close. In addition, even at τ¼1.050, a little anticlockwise circulation is observed in the top
left corner. Comparing with the stream function of nanofluid and pure water, it is easy to found that (ψmin)f is much less than
(ψmin)nf, while (ψmax)f is very close to (ψmax)nf and even more than (ψmax)nf at τ ¼1.075 for A¼0.6 and τ¼1.050 for A¼1.0.
And with increasing of A, both (ψmin)f and (ψmin)nf increase greatly and both (ψmax)f and (ψmax)nf are still equal to 0 at
τ¼1.000 and 1.050, (ψmin)f, (ψmin)nf, (ψmax)f and (ψmax)nf has a little increasing at τ¼1.050, and both (ψmin)f and (ψmin)nf
decrease greatly and both (ψmax)f and (ψmax)nf increase greatly at τ¼1.075. It indicates the oscillating temperature wall is
source causing the second anticlockwise circulation and that the larger the amplitude of the oscillating temperature wall,
the stronger the second anticlockwise circulation. Meanwhile, the second anticlockwise circulation of nanofluid is not
obvious stronger than that of water due to high viscosity.
Fig. 5 shows the time-dependent isotherm patterns over the duration of the eleventh period (τ¼1.0–1.1) for copper–
water nanofluid and pure water with different A for (1) trapezoid wave, (2) sine wave and (3) triangle wave at ϕ¼0 and 0.1.
It can be seen easily that at τ¼1.000 (or 1.100), isotherms of high θ (θ40.5) move to the top left corner of enclosure and the
isotherm density generally increase at the left wall, while it generally decrease at the right wall with increasing of A. At
τ¼1.025, the isotherm density obvious increase in the whole enclosure with increasing of A, because temperature at the left
wall increases to maximum (1þA). At τ¼1.050, the phenomenon that heat transfer out of the enclosure from the left wall
become more obvious with increasing of A, because there is more heat transferring into enclosure during the first half
period when A is higher. At τ¼1.075, the effect of A is more significant and heat transfer out from the whole left wall for
A¼1.0, which causes the clockwise and anticlockwise circulations with the same strength, while there is steady heat
transfer from the left wall to the right wall for A¼0.2. Comparing with NuH and NuC of nanofluid and water, nanofluid has
obvious more heat transfer effect than water.
6.3. Influence of oscillating area
The research above shows the amplitude and form of oscillating waves have a degree effect on the heat transfer en-
hancement. To clearly illustrate this combined effect, the dimensionless fluctuation area is introduced and defined as the
area of the oscillating wave and his average value. Table 7 shows the oscillating area for the different oscillating waves and
solid volume fraction. It can be seen clearly that the oscillating area of trapezoid wave is obvious larger than those of sine
wave and triangle wave under the same A, while the oscillating area increases lineally with increasing of A under the same
oscillating wave.
In order to find the quantitative relation of the time-averaged Nusselt number with solid volume fraction and oscillating
area, based on the above simulation results, this paper takes the time-averaged Nusselt number as a dependent variable,
uses the solid volume fraction (0–0.2) and the oscillating area (0–0.075) as parameters and obtains regression equation
about the time-averaged Nusselt number (Nuavg) by the multiple linear regression method under multi-factor coupling
effect. As follows:
Nu S R1.3355 exp 10 1.9 1 0.97 12avg 2ϕ= ( )( + ) ( = ) ( )
Fig. 5. Sequential plots of isotherms for Cu–water nanofluid (solid lines) and pure water (dashed lines) for sine wave at (a) A¼0.2, (b) A¼0.6 and (c) A¼1.0.
X. Han et al. / Case Studies in Thermal Engineering 6 (2015) 93–103102where, S is the oscillating area and its application range is 0–0.075; ϕ is the solid volume fraction and its application
range is 0–0.2. It is pointed out that Eq. (12) is obtain under the certain conditions of τp¼0.1 and Ra¼106. The Eq. (12)
indicates Nuavg increases exponentially with S and increases lineally with ϕ.7. Conclusions
It is numerically studied buoyancy-driven convection heat transfer of copper–water nanofluid in a square enclosure
under the different periodic oscillating boundary temperature waves.The paper gains the following conclusions
(1) Under the osculating temperature boundary, using copper nanoparticles in pure water can strengthen natural con-
vection heat transfer. The higher the solid volume fraction, the greater the strength of the heat transfer. The percentage
increase in the time-averaged Nusselt number is around 38% d from ϕ¼0 to ϕ¼0.2 under the certain conditions.
(2) The oscillating waveform has a degree effect on the heat transfer enhancement and the trapezoid wave is more
conducive to the enhancement of heat transfer than sine and triangle waves.
(3) The oscillating temperature in the right wall causes fluctuating behaviors for the flow fields and temperature fields, as
X. Han et al. / Case Studies in Thermal Engineering 6 (2015) 93–103 103well as the average Nusselt number of the right and left walls. At the same time, this fluctuating behaviors lead to two
circulations and the heat removing out form the hot wall. And this unique phenomenon may be harmful in some thermal
systems.
(4) The oscillating area is introduced to combine the oscillating waveform and its amplitude and the percentage increase
in the time-averaged Nusselt number is around 14.5% from S¼0 to S¼0.075.
(5) The regression equation about the time-averaged Nusselt number is obtained as parameters of the solid volume
fraction and the oscillating area. This equation shows the time-averaged Nusselt number increases exponentially with the
oscillating area and increases lineally with solid volume fraction. The egression equation has a good correlation and clear
physical significance.
The above conclusions are of important reference value for nanofluid research. But these conclusions are drawn based on
given the Rayleigh number, dimensionless period and nanofluid type. If there is any variation in above factors, the con-
clusions may be somewhat different.Acknowledgment
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